Rat prostate, which is usually used in the Hershberger assay for evaluating the antiandrogenic activity of environmental chemicals in vivo, has a complex structure consisting 4 lobes, i.e., the ventral prostate (VP), lateral prostate (LP), dorsal prostate (DP) and anterior prostate (AP). The VP is considered to have no counterpart in primates, while the LP and DP are histologically similar to human prostate. However, the Hershberger assay focuses on the VP, not the other lobes. Moreover, there are few other methods for assessment of antiandrogenic activity in vivo. We therefore investigated androgen-responsive genes in the DP, as well as VP, following treatment with environmental chemicals reported to be androgen antagonists. Male castrated F344 rats were treated with testosterone (0.5 mg·kg −1 ·day −1 ) alone or together with flutamide (6 mg·kg −1 ·day −1 ) as a reference antiandrogen or fenthion (25 mg·kg −1 ·day −1 ) or fenitrothion (25 mg·kg −1 ·day −1 ) or 2,4,4 -trihydroxybenzophenone (2,4,4 -triOH-BP) (300 mg·kg −1 ·day −1 ) for 7 days. Testosterone significantly increased the expression of kallikrein S3, cystatinrelated protein-1 (CRP-1) and prostatein C3 mRNAs in the VP, and prostate secretory protein of 94 amino acids (PSP94) mRNA, but not stem cell growth factor (SCGF) mRNA, in the DP. Coadministration of flutamide blocked the testosterone-induced increases of all three mRNAs in the VP, but not that of PSP94 mRNA in the DP. Coadministration of fenitrothion significantly reduced the testosterone-induced increase of kallikrein S3 mRNA, while fenthion significantly increased the testosterone-induced increase of PSP94 mRNA. 2,4,4 -TriOH-BP significantly increased the testosterone-induced increases of CRP-1 and prostatein C3 mRNAs. These results indicate that the effects of environmental chemicals on the prostate are very complex. The Hershberger assay alone appears to be inadequate for risk assessment, and it may be useful to employ androgen-responsive genes as additional markers.
INTRODUCTION
Many environmental xenobiotics exert hormonal effects at the cellular and organism levels. These compounds are able to mimic the biological activity of sex hormones and thyroid hormone, and are called endocrine-disrupting chemicals. Initially, estrogenic chemicals such as alkylphenols and bisphenol A were discovered, 1, 2) while more recently, several environmental pollutants were discovered to be androgen antagonists. 3, 4 ) * To whom correspondence should be addressed: Graduate School of Biomedical Sciences, Hiroshima University, 1-2-3, Kasumi, Minami-ku, Hiroshima 734-8551, Japan. Tel.: +81-82-257-5325; Fax: +81-82-257-5329; E-mail: sohta@ hiroshima-u.ac.jp
The Hershberger assay has been used to detect chemicals with androgen receptor (AR)-mediated activity in vivo. [5] [6] [7] The advantages of this assay are that is straightforward, quick and relatively specific to androgenic/antiandrogenic compounds. The endpoint of this assay involves weighing the accessory sex organs of castrated male rats treated with an AR agonist and test compounds. 8, 9) However, the Hershberger assay is usually focused on the rat ventral prostate (VP), not other lobes. The rat prostate has a complex structure, consisting of a VP, lateral prostate (LP), dorsal prostate (DP) and anterior prostate (AP). The rodent VP is considered to have no counterpart in primates, while the LP and DP are histologically similar to the human prostate. 10) We recently reported the lobe-specific expres- sion and lobe-specific response to androgen of several androgen-responsive genes. 11) In the VP, kallikrein S3, cystatin-related protein-1 (CRP-1) and prostatein C3 were highly responsive to androgen treatment. On the other hand, in the LP and DP, prostate secretory protein of 94 amino acids (PSP94), and stem cell growth factor (SCGF) were responsive. In the present study, we used three antiandrogenic chemicals, fenthion, fenitrothion and 2,4,4 -trihydroxybenzophenone (2,4,4 -triOH-BP), as well as the reference antiandrogen flutamide (Fig. 1) , and quantitatively analyzed the changes of expression of the above genes in the DP and VP after administration of these chemicals to castrated rats using the same schedule as in the Hershberger assay. 4, 12, 13) Based on the results, we discuss whether androgen-responsive genes might be suitable markers for assessment of the antiandrogenic activity of environmental chemicals. 
MATERIALS AND METHODS

Chemicals
RESULTS
Effects of Test Chemicals on mRNA Expression of Androgen-responsive Genes
In order to evaluate the effects of several environmental chemicals on the expression of androgen- responsive genes, we carried out quantitative analysis of mRNA expression of three genes in the VP and two in the DP. All of these genes have been reported to be androgen-responsive. 11) In the VP, expression levels of the kallikrein S3, CRP-1 and prostatein C3 genes in castrated rats were all significantly increased by administration of testosterone (Table 2) , while coadministration of flutamide essentially abrogated the effect of testosterone. Coadministration of fenthion had little effect on the action of testosterone, while coadministration of fenitrothion significantly decreased the testosterone-induced increase of kallikrein S3 mRNA. Coadministration of 2,4,4 -triOH-BP significantly enhanced the testosterone-induced increases of CRP-1 and prostatein C3 mRNAs.
In the DP, testosterone increased the expression of PSP94 mRNA, but had no effect on SCGF mRNA, while coadministration of flutamide did not significantly alter the effect of testosterone. Coadministration of fenthion further increased the testosterone-induced expression of PSP94 mRNA, while coadministration of fenitrothion had no effect. Coadministration of 2,4,4 -triOH-BP with testosterone resulted in a significant increase of SCGF mRNA compared with the testosterone-alone group.
DISCUSSION
The Hershberger assay is widely used to study the androgenic and antiandrogenic activity of environmental chemicals. Usually rat prostate is used for this assay. Rat prostate consists of four separate lobes, and although the LP and DP are considered to be homologous to the peripheral zone of human prostate and the AP is similar to the central zone, the VP has no homologous region in human prostate. 15) However, Hershberger assays generally focus on the VP because of its high sensitivity to androgen ablation and to testosterone supplementation after castration. Moreover, there are few alternatives to the Hershberger assay to assess androgenic/antiandrogenic activity in vivo. In this study, we assessed the antiandrogenic activities of some known environmental antiandrogens using androgen-responsive genes expressed in the VP and DP as markers. Fenthion and fenitrothion are organophosphorus insecticides; both have been reported to have antiandrogenic activity in vivo in the Hershberger assay. 4, 12) 2,4,4 -TriOH-BP, a derivative of benzophenone-3 used in sunscreen for humans, is also an antiandrogen. 13) Kallikrein S3, CRP-1 and prostatein C3 are secreted proteins ex-pressed abundantly in the VP and regulated by androgen. [16] [17] [18] We reported that expression of the mRNAs encoding these proteins was increased 10-to 1000-fold in the VP within 24 hr after testosterone treatment in castrated rats. 11) In this study, all the mRNA levels were confirmed to be greatly increased by testosterone and this increase was blocked by co-treatment with flutamide (Table 2) . Although fenthion and fenitrothion have been reported to be antiandrogens in vivo, we found that they had no effect on the testosterone-induced increases of gene expression in the VP, except for a modest, but significant, decrease of the testosteroneinduced increase of kallikrein S3 mRNA by fenitrothion. The reason for this may be the effect of metabolism in vivo. Flutamide is converted to hydroxyflutamide, with an increase of about 50-fold in antagonistic activity, while fenthion is inactivated. 12, 19) On the other hand, coadministration of 2,4,4 -triOH-BP enhanced the testosterone-induced increase in the expression of CRP-1 and prostatein C3 in the VP (Table 2) .
PSP94 is one of the secreted proteins abundantly expressed in DP. 20) Expression of PSP94 was reportedly increased about 2-fold in the DP in castrated rats after testosterone treatment for 24 hr. 11) In this study, testosterone treatment increased PSP94 mRNA, but flutamide did not block this increase. Fenthion significantly enhanced the testosterone-induced increase of PSP94 mRNA, but fenitrothion and 2,4,4 -triOH-BP were ineffective. SCGF is one of the growth factors expressed in rat prostate, and is expressed highly in the DP. It is tightly regulated by androgen in the DP, being upregulated about 5-fold within 1 hr after testosterone treatment. 11) In this study, however testosterone did not significantly increase the mRNA level of SCGF, while coadministration of 2,4,4 -triOH-BP resulted in a significant increase compared with testosterone alone ( Table 2) . The reason for this may be the estrogenicity of 2,4,4 -triOH-BP, which acts as an estrogen agonist in MCF-7 human breast cancer cells and ovariectomized rats. 13, 21) In the rat, estrogen receptor β (ERβ) is expressed in the prostate, and has a role in prostate growth. 22, 23) Its presence may influence the antiandrogenic activity of environmental chemicals. There are differences in response to fenthion, fenitrothion and flutamide between three genes in the VP and two genes in the DP. The reason for this may be the difference in response to testosterone; expression of three genes in the VP greatly increased, on the other hand two genes in the DP did not show great change.
In conclusion, the effects of environmental chemicals on the prostate are very complex, and the Hershberger assay alone appears to be inadequate to understand them. Androgen-responsive genes especially three genes in the VP may be good markers for assessment of androgenic/antiandrogenic activity of environmental chemicals.
